Sequential water molecule binding enthalpies, DH n,nÀ1 , are important for a detailed understanding of competitive interactions between ions, water and solute molecules, and how these interactions affect physical properties of ion-containing nanodrops that are important in aerosol chemistry. Water molecule ). These values depend on ion charge state for clusters with fewer than 150 water molecules, but there is a negligible dependence at larger size. There is a minimum in the DH n,nÀ1 values that depends on the cluster size and ion charge state, which can be attributed to the competing effects of ion solvation and surface energy. The experimental DH n,nÀ1 values can be fit to the Thomson liquid drop model (TLDM) using bulk ice parameters. By optimizing the surface tension and temperature change of the logarithmic partial pressure for the TLDM, the experimental sequential water molecule binding enthalpies can be fit with an accuracy of AE3.3 kJ mol À1 over the entire range of cluster sizes.
Introduction
The interactions between water molecules and solute ions can signicantly affect the structure, dynamics and reactivity of the solute and the dynamics and the structures of the hydrogenbonding network of liquid water. Consequently, molecular level knowledge of these interactions is important to understanding processes in solution and in the atmosphere, such as protein folding, molecular recognition and ion-assisted aerosol formation. [1] [2] [3] [4] [5] [6] [7] [8] For example, the protein interlokin-1b contains buried water molecules in the interior that are hydrogen bonded and bridge distant charged amino acid residues by the formation of hydrogen bonds. 5 It is believed that these ion-water interactions are important for the folding dynamics and structure of the protein. Ions that are formed in the atmosphere are thought to be responsible for the fast nucleation of water molecules in the early stages of aerosol formation, where charged clusters grow faster and become thermodynamically stable at smaller cluster sizes than their neutral counterparts.
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One way to obtain detailed information about ion-solvent interactions is to study hydrated ions in a well-dened environment, i.e., clusters of water molecules containing a single ion. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In this way, any effects of impurities or counter ions are eliminated. By investigating size selected clusters, it is possible to monitor how thermodynamic quantities, such as water molecule binding enthalpies, evolve with cluster size.
water molecule binding energies of hydrated ions with up to 14 water molecules attached. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] The most commonly used approaches are high-pressure ion source mass spectrometry (HPMS), [28] [29] [30] [31] [32] [33] [34] threshold collision induced dissociation (TCID) [35] [36] [37] [38] [39] [40] [41] [42] and blackbody infrared radiative dissociation (BIRD). [43] [44] [45] Singly and doubly charged hydrated ions have been studied with these methods. The results reveal that especially for the rst hydration shell, the ion identity and charge state signicantly inu-ence water molecule binding enthalpies. As the result of increasing ion solvation, the inuence of the sequential water binding enthalpies on the specic ion-water interactions diminishes with increasing cluster size. For example, the sequential water molecule binding enthalpies for hydrated Li + decrease from 134 to 63 kJ mol À1 for one to six water molecules attached.
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Ultraviolet photodissociation (UVPD) experiments have been used to deduce water molecule binding enthalpies at larger cluster sizes and these measurements can be made with high precision. The sequential water binding enthalpies for hydrated aniline, protonated proavine, protonated tryptophan, rhodamine 590 and rhodamine 640 ions have been studied by UVPD. 46, 47 In these experiments, the sequential water molecule binding enthalpy is deduced from the number of water molecules that are lost from the cluster upon photoexcitation with a photon of known energy. For aniline + $(H 2 O) n with n ¼ 5-20
(where n is the number of water molecules) for example, the energy removed per water molecule decreases from 74.5 kJ mol À1 at n ¼ 5 to an average value of $40.2 kJ mol À1 between n ¼ 10-20. 46 A very similar trend but slightly higher sequential water molecule binding enthalpies were measured for hydrated doubly charged atomic ions and paraquat. 47, 48 These UVPD studies indicate that for larger cluster sizes, the sequential water molecule binding enthalpies are close to the bulk water vaporization enthalpy (43.1 kJ mol À1 (ref. 49) ) and depend only slightly on the cluster size. These results and recent velocity map imaging experiments 50 are consistent with the idea that the absorbed photon energy is fully redistributed into the internal modes of the entire cluster for n > 10, resulting in sequential water molecule evaporation, although ion uorescence resulting in fewer water molecules that are lost can also occur.
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Despite the progress in obtaining thermodynamic reference data for larger hydrated ions, only limited data for sequential water binding enthalpies over a broad range of cluster sizes and for different charge states is available. These data are especially important to accurately model ion-induced water nucleation 6, 7 in the atmosphere and for ion nanocalorimetry. [9] [10] [11] [12] [13] In the latter method, hydrated ions are irradiated, for example, with slow electrons that can lead to a one-electron reduction of the ion. The recombination energy (RE), which corresponds to the energy released due to the ion-electron recombination, leads to the evaporation of water molecules from the hydrated ion. The RE can be obtained from the number of water molecules that are lost by modeling of this thermochemical process for water evaporation, which is based on the sequential water molecule binding energies as well as energy that partitions into translational, rotational and vibrational modes of the departing water molecules. By extrapolating REs measured as a function of cluster size to "innite dilution", absolute reduction potentials of metal ions can be measured and ultimately related to an absolute reduction potential of the standard hydrogen electrode (SHE). 10, 11, 13 Due to the lack of thermochemical reference data for sequential water binding enthalpies of large ion-containing water clusters, the RE modeling currently uses values from the Thomson liquid drop model (TLDM). [52] [53] [54] [55] [56] [57] [58] The TLDM combines the self-energy of solvating a charged particle in the Born solvation model with the increased energy due to the droplet surface area and the bulk vaporization energy to give sequential binding enthalpies of water molecules as a function of cluster size. Any systematic error in the TLDM will result in an error for the absolute SHE value obtained from the ion nanocalorimetry measurements, and this error increases with increasing number of water molecules that are lost as a result of ionelectron recombination.
In this work, we present an extensive study of sequential water binding enthalpies as a function of charge state (z ¼ +1-3), ion identity, and cluster size (n ¼ 20-500) derived from highprecision UVPD measurements. A newly developed program is used to deduce DH n,nÀ1 from experimental precursor and product cluster distributions. The various ions studied for every charge state, the different types of electronic transitions ranging from atomic transitions to electronic excitations in aromatic systems to charge transfer transitions, and the diverse chemical nature of the formed atomic, organic and inorganic ions, make the herein presented binding enthalpy trends important for many chemically relevant systems. The sequential water molecule binding enthalpies show a clear dependence on the ionic charge and cluster size and depend less on ion identity. The results are compared to binding enthalpy predictions from the TLDM. A better agreement between theory and experiment is obtained for the TLDM model employing water ice parameters at 133 K, indicating that the clusters may largely solidify under these experimental conditions.
Results and discussion

Ultraviolet photodissociation of hydrated ions
Nanoelectrospray ionization coupled to FT-ICR mass spectrometry is used to form and subsequently trap broad distributions of hydrated ions. Two example mass spectra of (Phe + H) + measured using conditions optimized for either small or large cluster sizes are shown in Fig. 1a . Lower heated metal capillary temperatures and lower ion source potentials lead to the formation of larger clusters. Between 0 and $250 water molecules are attached to one (Phe + H) + ion, as is the case for other singly charged ions (Scheme 1). For 2+ and 3+ ions, nanoESI mass spectra show hydrated di-and trivalent ions with up to $500 and $600 water molecules, respectively (see Fig. S2 †) . Lower detection efficiency at high m/z limits the cluster sizes that we are able to observe. For divalent ions, the maximum cluster size is about four times greater than that reported previously in UVPD experiments (n z 125) 48 as a result of a higher eld strength magnet used in these experiments.
Results of UVPD of (Phe + H) + [198] [199] [200] [201] [202] , additional product ion distributions are formed at even lower mass (Fig. 1b and c Fig. 1b and c, the consecutive product ion distributions differ by 13.4-13.5 water molecules. Thus, the absorption of one 193 nm UV photon by ions solvated by $200 water molecules results in the loss of about 13.4 water molecules and the formation of product ion distributions with similar hydration state width as the precursor distribution, namely 5-7 hydration states for the precursor and 5-8 for product ion distributions. These multiple product ion distributions ( Fig. 1b and c) are due to sequential UV photon absorption, i.e., one, two and three 193 nm UV photons are absorbed sequentially to form the rst, second and third product ion distribution, respectively, and not to multiphoton processes. A detailed discussion of sequential UV photon absorption on experimental UVPD results is provided in ref. 48 transition metal ions) at 193 nm precluding a comparison to this ion. However, the photoproduct yield for Cu 2+ $(H 2 O) [198] [199] [200] [201] [202] and other divalent transition metal ions used in this study (Scheme 1) are similar to previously reported results on hydrated divalent ions with n # 124.
Relaxation following UV excitation
An energy level diagram of absorption and possible relaxation mechanisms for a water cluster containing a single ion is shown in Fig. 2a . UV photon absorption followed by heat transfer to surrounding water molecules increases the internal energy of the cluster. If radiative emission of a visible or UV photon occurs through uorescence, less energy is available to convert into internal modes. Thus, the number of water molecules lost when the UV photon that is absorbed and is fully converted into internal modes, hxi, is higher than that when partial internal conversion is followed by uorescence, hx f i (Fig. 2a) . Additional details of these processes are given in ref. 47 46, 48 Assuming that water molecules are lost sequentially as a result of full internal conversion from an excited electronic state to the ground electronic state, the number of water molecules that are lost is estimated to be 14.2 for a 6.41 eV photon. This is $0.7 water molecules higher than the experimental value of $13.5. Because this simple calculation does not take into account energy partitioned into the degrees of freedom of the water molecules that evaporated, this calculation overestimates the number of water molecules that are lost. Hence, our experimental results are consistent with water loss due to full internal conversion of the absorbed photon. Further evidence for sequential water molecule loss and full internal conversion producing the product distributions at about hxi ¼ hn/E n,nÀ1 below the precursor distribution in UVPD experiments of hydrated ions comes from the wavelength-dependent UVPD measurements of anilinium$(H 2 O) [69] [70] [71] shown in Fig. 2b and c. In the 193 nm UVPD experiment shown in Fig. 2b , there are two product ion distributions. The distribution corresponding to the most extensive water loss is shied by hxi ¼ 13.47 water molecules compared to the precursor ion distribution whereas the other distribution is shied by hx f i ¼ 7.22. The product distribution with the highest water loss is consistent with the expected loss of $13.5 water molecules due to full internal conversion of a 193 nm photon, and the additional product ion distribution is due to partial internal conversion followed by uorescence with an emitted photon wavelength of $2.80 eV. 47 The uorescence quantum yield, obtained from the relative ion abundances of the two product ion distributions, is 0.11. UVPD of anilinium$(H 2 -O) [69] [70] [71] at 248 nm results in only a single product ion distribution corresponding to hxi ¼ 10.68 (Fig. 2c) . For the photon energy of 5.0 eV (248 nm), an estimated water loss of hni ¼ 11.11 is expected from full internal conversion, consistent with the experimental result. These measurements show that the uorescent quantum yield varies signicantly with excitation photon wavelength.
Because the number of water molecules lost from precursor ion distributions to product ion distributions at $hn/E n,nÀ1 are consistent with a full internal conversion process and additional ion product distributions are identied for partial internal conversion/uorescence processes, we conclude that full internal conversion and sequential water loss are the major processes leading to product ion distributions at hxi z hn/E n,nÀ1 in UVPD.
Kinetic shi effect
The time required for all of the water molecules that will ultimately evaporate from the cluster following absorption of a UV photon depends on the cluster size. The time necessary for evaporation of the water molecules increases with increasing cluster size owing to an increasing number of degrees of freedom over which this energy is distributed. 61 The potential inuence of measurement time on the product ion cluster size is a kinetic shi effect. The extent to which a kinetic shi affects these measurements is measured by varying the delay time between laser irradiation and ion detection until the maximum number of water molecules, hx max i, that are lost, is observed. Results of these kinetic shi measurements as a function of cluster size, charge state and laser wavelength are shown in Fig. 3 . Our results for hydrated divalent ions show an increasing kinetic shi with increasing cluster size for clusters with n $ 200 (Fig. 3a) (Fig. 3b ). All data points for different delay times differ by less than 0.09 water molecules for the two clusters indicating that the charge state does not signicantly contribute to the kinetic shi effect. We conclude that the kinetic shi increases with increasing cluster size but not notably with excitation wavelength and charge state. A detection delay time aer laser irradiation of 500 ms, 1000 ms and 1500 ms for n < 100, 100 # n # 300 and n > 300 in our UVPD measurements, respectively, eliminates effects of the kinetic shi on the hxi and DH n,nÀ1 values obtained from these measurements.
Effects of cluster size, ion charge and ion identity
The effects of cluster size, ion charge and ion identity on the number of water molecules lost from different hydrated ions upon 193 nm and 248 nm photon absorption were measured as a function of cluster size and these data are shown in Fig. 4 (Fig. 4) . In addition to cluster size, the charge state of the hydrated ion affects the average number of water molecules that are lost (Fig. 4) . For clusters of the same median size, hxi for monovalent ions is bigger than that for divalent ions which is bigger than that for trivalent ions up to a cluster size $150. This is consistent with the TLDM model that predicts this charge-dependent Fig. 3 The dependence of the average number of water molecules lost, hxi, minus the maximum number of water molecules lost, hx max i, as a function of the delay time between photoexcitation and ion detection (the kinetic shift). hxi for the largest delay time was set to hx max i as indicated by the dashed line. ordering of E n,nÀ1 . 52 The differences in the number of water molecules that are lost deceases signicantly for clusters with more than $150 water molecules (Fig. 4) . This indicates a vanishing inuence of the charge state on the binding energies of water molecules to the large clusters.
The identity of the ion of a given charge state and at the same cluster size has only a small effect on the number of water molecules lost (Fig. 4) . However, the decrease of hxi for hydrated Fe 2+ at 248 nm with increasing cluster size, even below hxi for trivalent ions, is also consistent with an increasing binding enthalpy with increasing cluster size (Fig. 4) . This is unexpected because the inuence of ion identity should decrease with increasing cluster size. 47 Evidence for the inuence of ions on the water phase in large water clusters comes from a recent study that showed that La 3+ ions can affect the onset of crystallinity in clusters as large as 375 water molecules.
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Effective cluster temperatures and kinetic energy release
Aer absorption of one UV photon and full internal conversion back to the electronic ground state of an ion, the effective temperature of the cluster increases from its initial effective temperature of $133 K established by the interaction of the ions with the blackbody radiation eld inside the ion cell prior to photoexcitation. Absorption of a photon shis the initial internal energy distribution of the cluster by a value corresponding to the energy of the photon. The extent of this effective temperature increase depends on the cluster size and the energy of the absorbed photon and is modeled as described in the ESI. † This effect is illustrated for two different Cu 2+ cluster sizes (Fig. 5) binding energies indicates that the model may slightly overestimate the kinetic energy release, but this difference is well within the uncertainty of our measurements. This indicates that the kinetic energy release model introduces no signicant systematic error for the calculation of average sequential binding enthalpies from UVPD experiments.
Average water molecule binding enthalpies and the liquid drop model
The average sequential binding enthalpies for mono-, di-and trivalent ions obtained from these UVPD experiments, along with previously published data for clusters with fewer than 15 water molecules [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] as a function of hni À hxi/2 are shown in Fig. 6 . The uncertainty in size and enthalpy of the DH n,nÀ1 values are AEhxi/2 ¼ AE5.5-7.5 water molecules and AE0.4-1.2 kJ mol À1 , respectively. The average binding enthalpies for clusters with 20 to 500 attached water molecules decrease for the smallest investigated clusters with increasing cluster size until a minimum in DH n,nÀ1 is reached (Fig. 6) . Namely, DH n,nÀ1 for mono-, di-and trivalent ions decrease from 40 ) for large cluster size.
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Also shown in Fig. 6 (dashed colored lines) are the average binding enthalpies calculated with the TLDM (see ESI †) using 133 K bulk ice parameters ( Table 1 ). The mean deviation of the TLDM at 133 K with ice parameters for mono-, di-and trivalent ions is lower than the mean deviations (root-mean-squaredeviation; RMSD) of the TLDM at 273 K, 298 K and 313 K using liquid water parameters (see ESI †). Namely, the RMSD for monovalent ions is 4. The use of ice parameters for the TLDM calculations is consistent with recent results, which indicate that large clusters are "ice-like" at low temperature. [63] [64] [65] [66] It is still debated at what cluster size the thermodynamic concept of phase is applicable to nanodrops and it has been shown that spectroscopic features for amorphous and crystalline ice can coexist for clusters with up to 550 water molecules, 63 hence, we use the phrase "ice-like" in what follows as a synonym for the presence of amorphous or crystalline ice phases.
Although the TLDM using 133 K bulk ice parameters provides binding enthalpies that are more similar to the experimental values for small clusters compared to those using liquid water parameters, the model does not accurately account for the increase of DH n,nÀ1 with cluster size above hni À hxi/2 z 175. In order to improve the agreement between values from the TLDM and the experiment at large cluster size changing the least number of parameters in the model, a sensitivity analysis was performed. The surface energy, g, and the change of the logarithmic partial pressure with temperature, vln(p/p 0 )/vT (p 0 is the standard pressure), have the biggest effect on the TLDM at large cluster size. For mono-, di-and trivalent ions, these two parameters were optimized and the resulting ts are shown in Fig. 6 (solid colored lines) . The corresponding charge-dependent parameters are shown in Table 2 (Fig. S10 †) . The higher value of g compared to bulk parameters of pure water ice and the increase in this value with charge state is consistent with the inuence of ions on surface energy in electrolyte solutions. 67 In bulk solutions, the relative surface energy increase of dilute electrolyte solutions compared to pure water is between 0-15% for salts such as K 2 SO 4 and up to 100-160% for LaCl 3 or K 4 [Fe(CN) 6 ]. 67 Even though these clusters contain only one isolated cation and up to 500 water molecules, solution data provide support for the use of a higher surface energy in the TLDM that should be charge dependent. This indicates that hydrated ions can inuence the properties of water, such as surface energy, in clusters containing up to 500 water molecules. The higher vln(p/p 0 )/vT for clusters compared to bulk water is in qualitative agreement with the Kelvin equation, which predicts an increase of droplet partial pressure compared to bulk water.
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Although optimization of the 133 K TLDM results in an improved t to the experimental data, it is difficult to interpret the physical relevance of the extracted parameters. The values of g and vln(p/p 0 )/vT are averaged over all cluster sizes between n ¼ 20-500 so there is no explicit size dependence of these parameters. The TLDM also has difficulties in accurately reproducing DH n,nÀ1 for small hydrated ions because specic bonding in the rst and second solvation shells is not taken into account by the TLDM. 52 Finally, large and hydrophobic ions like (Phe + H) + or PTMA may not be fully solvated or the nanodrop may not be spherical at small cluster sizes. Despite these factors, the close agreement with experimental data justies the use of the modied TLDM. Additionally, the relatively close correspondence of the optimized parameters to the bulk ice parameters at 133 K, considering the discussed uncertainties, is consistent with isolated ions in larger nanodrops as "ice-like" particles in the gas phase.
Conclusions
High-resolution UVPD results as a function of charge state and cluster size for a diverse set of ion-containing nanodrops containing up to 500 water molecules, which include data for trivalent ions for the rst time, are presented. Average sequential water molecule binding energies are obtained with AE0.8 kJ mol À1 precision. These data have a minimum in DH n,nÀ1 at around 75, 45 and $15 water molecules for 3+, 2+ and 1+, respectively. This minimum in the binding enthalpies is predicted by the TLDM and stems from the counteracting energetic contributions of the surface and solvation energies. Therefore, these results are consistent with all qualitative predictions of the TLDM. However, the precision of the UVPD results reveal that the unmodied TLDM does not adequately t the experimental data and the closest agreement between experimental and TLDM values for DH n,nÀ1 is achieved using 133 K parameters. Indications for a water-ice phase transition for water clusters with 60-79 water molecules at 133 AE 6 K and for a phase transition to crystalline ice for La 3+ $(H 2 O) 375 at 133 K have been reported previously. [63] [64] [65] [66] Therefore, our interpretation of the increased average water molecule binding enthalpies within a modied 133 K TLDM is consistent with these ndings. With bulk ice parameters and optimizing g and vln(p/p 0 )/vT, the experimental values can be reproduced with accuracies of AE0.8 kJ mol À1 between n ¼ 20-500 water molecules. Even though the TLDM is a very simplied model of these complex systems, it does a remarkable job in qualitatively explaining the experimental results. The physical signicance of the optimized g and vln(p/p 0 )/vT values is difficult to evaluate, but the agreement between experimental DH n,nÀ1 values and the TLDM with modied ice parameters indicates that the larger clusters are "ice-like" under our experimental conditions. These binding enthalpies can serve as valuable reference values for simulations of ion-induced nucleation. Additionally, values will further improve the accuracy and precision of absolute reduction potential values deduced from ion nanocalorimetry measurements of ions in nanodrops. 
